introduction {#Introduction}
============

Amphibian olfactory receptor cells respond to odor stimulation with an inward receptor current ([@B9]; [@B17]), and the mechanisms underlying their generation are now quite well understood. Binding of an odor molecule to a receptor in the ciliary membrane activates adenylyl cyclase via a G-protein-coupled cascade ([@B30]; [@B4]; [@B7]; [@B1]). The ensuing increase in intracellular cAMP opens cyclic nucleotide-gated channels ([@B28]; [@B10]) through which Ca^2+^ enters ([@B35]; [@B11]; [@B22]), leading to additional inward current ([@B21]; [@B26]) through a Ca^2+^-activated Cl^−^ conductance ([@B15]). However, the subsequent processes that cause termination of the response remain largely unclear. In particular, the means by which the intracellular Ca^2+^ concentration is reduced to prestimulus levels, which allow the Ca^2+^-activated Cl^−^ conductance to close, is not known.

We have used the suction pipette technique combined with rapid external solution changes to study the role of Na^+^ in response termination and adaptation in isolated frog olfactory receptor cells. The results obtained demonstrate the presence of a Na^+^-dependent Ca^2+^ extrusion mechanism in olfactory cilia and indicate that it is responsible for returning intracellular Ca^2+^ to resting levels after odor stimulation.

methods {#Methods}
=======

Preparation
-----------

Frogs (*Rana temporaria*) were killed by rostral and caudal pithing. The olfactory epithelium was dissected and placed receptor side up on a layer of cured silicone rubber (Sylgard 184; Dow Corning, Wiesbaden, Germany) in a petri dish filled with Ringer solution. Olfactory receptor cells were mechanically isolated by lightly cutting the olfactory epithelium with a piece of razor blade. The dissociated cells were collected with a 200-μl pipette and transferred to the recording chamber on the stage of an inverted microscope with phase contrast optics (TMS; Nikon, Kingston, UK). Cells were allowed to settle on the floor of the recording chamber for 30 min before bath perfusion commenced.

Electrical Recording
--------------------

The suction pipette technique was used to record odor-induced electrical responses ([@B2]; [@B25]). The cell body of an isolated olfactory receptor cell was drawn into a suction pipette, leaving the cilia exposed to the superfusing solution. After their isolation, olfactory receptor cells rounded progressively and the dendrite retracted, as has also been observed by others ([@B8]). Consequently, virtually the entire cell could be sucked into the suction pipette so that only the cilia were accessible to solution changes in the bath. The current signal was recorded with a patch clamp amplifier (Warner PC501; Warner Instruments, Hamden, CT) and low-pass filtered at 20 Hz to record only the receptor current without the fast biphasic current spikes corresponding to action potentials, which are also collected by the suction pipette. The low-pass filtered current signal was digitized continuously for subsequent analysis at a sampling rate of 100 Hz using an IBM-compatible microcomputer equipped with an intelligent interface card (Cambridge Research Systems, Rochester, UK).

Rapid Solution Changes
----------------------

Rapid solution changes for odor stimulation or exchange of the external solution were effected by translating the interface between two flowing streams of solution across the exposed cilia using a computer-controlled stepper motor coupled to the microscope stage ([@B12]; [@B27]). Streams of solution emerged from up to four parallel tubes built into the recording chamber. Solutions were delivered by gravity, and selected by inert six-way rotary valves (Rheodyne, Cotati, CA). Recordings have been corrected for the junction currents arising between solutions of different ionic composition by subtraction of records obtained in the absence of odor stimulation.

External Solutions
------------------

Ringer solution contained (mM) 111 NaCl, 2.5 KCl, 1.6 MgCl~2~, 1 CaCl~2~, 0.01 EDTA, 3 HEPES, pH 7.7 with NaOH. Li^+^- and choline^+^-substituted solutions contained 111 mM LiCl or choline-Cl instead of NaCl; ∼2 mM NaOH was added to adjust the pH to 7.7. 0 Na^+^, 1 μM Ca^2+^ solution contained 2 mM EDTA to buffer Ca^2+^, NaCl was replaced by choline-Cl, and pH was adjusted to 7.7 with choline hydroxide. All solutions also contained 10 mM glucose. 300 μM niflumic acid (Sigma Chemical Co., Poole, UK) was added to the choline^+^-substituted solution when required, and the pH was readjusted to 7.7. Odor solutions were made daily by a single dilution from a stock solution of appropriate ionic composition containing 1 mM cineole.

results {#Results}
=======

Fig. [1](#F1){ref-type="fig"} shows the effect of replacing external Na^+^ with another cation in the solution bathing the cilia of an isolated olfactory receptor cell immediately after stimulation at three different odor concentrations. When the cell was stimulated with odor for 1 s in Ringer solution, the receptor current rose after a short delay and returned to zero rapidly after stimulation (Fig. [1](#F1){ref-type="fig"}, *Control*). But when the cell was instead exposed immediately after the odor stimulus to solutions in which Na^+^ had been replaced by another cation (Fig. [1](#F1){ref-type="fig"}, *Li* ^+^ and *Cho* ^+^), the response did not terminate after stimulation. Instead, the receptor current remained elevated for an extended period, declining only slowly during the 5-s exposure to low Na^+^ solution and not falling to baseline levels until after the cell was returned to Na^+^-containing Ringer solution. In contrast, exposing the cell to Na^+^-free solution for 5 s immediately before stimulation in Ringer solution did not affect the subsequent odor-induced response (not shown). The contribution of the cyclic nucleotide-gated conductance to this prolonged current was probed by replacing Na^+^ with either Li^+^, which permeates the amphibian cyclic nucleotide-gated channel, or choline^+^, which does not ([@B18]). The prolonged currents recorded in these two solutions were remarkably similar in time course and magnitude (Fig. [1](#F1){ref-type="fig"}, *Li* ^+^ and *Cho* ^+^). Furthermore, at all three odor concentrations, the initial value of the receptor current in Li^+^- and choline^+^-substituted solutions was the same as that in Ringer solution at the time of the solution change, indicating that the current through the cyclic nucleotide-gated conductance must have declined nearly to zero by that time. Similar results were observed in a total of 13 cells.

The persistence of the prolonged current in the absence of external cations that permeate the cyclic nucleotide-gated channel indicates that most of the prolonged current must be carried not by this channel but through some other conductance. An obvious candidate for this conductance is the Ca^2+^-activated Cl^−^ channel. Its contribution to the prolonged current is investigated in Fig. [2](#F2){ref-type="fig"} by exposing an isolated olfactory receptor cell to niflumic acid, which blocks the Ca^2+^-activated Cl^−^ conductance but not the cAMP-gated conductance in these cells ([@B14]). The cell was first stimulated with odor for 1 s in Ringer solution, yielding a response that terminated rapidly after the end of stimulation (Fig. [2](#F2){ref-type="fig"}, *Control*). When the cell was exposed after stimulation to choline^+^-substituted solution instead of Ringer solution, a prolonged current resulted, as in Fig. [1](#F1){ref-type="fig"} (*Cho* ^+^). But if 300 μM niflumic acid was included in the choline^+^-substituted solution, the amplitude of the prolonged current was greatly reduced (Fig. [2](#F2){ref-type="fig"}, *Cho* ^+^ + *niflumic acid*). Similar results were obtained from a total of 10 cells for which niflumic acid reduced the prolonged current after 1 s in choline^+^-substituted solution to 25 ± 4% (mean ± SEM) of its value in the absence of the blocker. Therefore, most of the prolonged current that was observed under Na^+^-free conditions must have flowed through the Ca^2+^-activated Cl^−^ conductance. Since this conductance can only remain open while the intracellular Ca^2+^ concentration remains elevated, these results indicate that the intracellular Ca^2+^ concentration, which increases during stimulation ([@B21]; [@B26]), must have largely been prevented from falling during exposure to the low-Na^+^ solution.

The involvement of Ca^2+^ in the activation of this prolonged current was substantiated by stimulating an olfactory receptor cell in a 0 Na^+^, 1 μM Ca^2+^ solution designed to prevent also the odor-induced influx of Ca^2+^ (Fig. [3](#F3){ref-type="fig"}). In this particular case, no current was evoked during the 1-s odor stimulus, presumably because no cations were present that could carry a significant inward current through the cyclic nucleotide-gated channel under these conditions ([@B16]). If the cell was returned to Ringer solution thereafter (Fig. [3](#F3){ref-type="fig"}, *Control*), a large but rapidly decaying current was recorded, reflecting the transient influx through the cyclic nucleotide-gated conductance of both Na^+^ and Ca^2+^, and the opening of Ca^2+^-activated Cl^−^ channels. But if the cell was instead exposed after stimulation to a solution in which choline^+^ had been substituted for Na^+^, a prolonged current was generated, which was presumably induced by influx of Ca^2+^ after the solution change, and which only terminated once Na^+^ was returned to the external solution (Fig. [3](#F3){ref-type="fig"}, *0Na* ^+^). However, if the concentration of Ca^2+^ in this Na^+^-free solution was reduced to 1 μM, as during stimulation, no current whatsoever was recorded (Fig. [3](#F3){ref-type="fig"}, *0Na* ^+^ *, 1μM Ca^2^* ^+^). These observations are consistent with the notion that the prolonged current results from the opening of Ca^2+^-activated Cl^−^ channels by the influx of Ca^2+^, whose efflux appears to be greatly reduced in the absence of external Na^+^. Interestingly, even higher odor concentrations elicited excitatory responses even in 0 Na^+^, 1 μM Ca^2+^ solution, which could only be abolished by the further removal of Mg^2+^ and the remaining Ca^2+^ from the external solution, suggesting that Mg^2+^ might also be capable of eliciting excitatory currents when the external Ca^2+^ concentration is greatly reduced. Similar results were obtained in a total of eight cells, from three of which no current could be evoked in 0 Na^+^, 1 μM Ca^2+^ solution by a 1-s odor stimulus of intermediate odor concentration.

It is widely accepted that an increase in intracellular Ca^2+^ concentration mediates the onset of olfactory adaptation ([@B20]; [@B19]; [@B23]). Since the removal of external Na^+^ appears to retard the subsequent decline in Ca^2+^ concentration, we have examined the effect of the removal of external Na^+^ on the recovery from adaptation after odor stimulation. Adaptation was investigated by exposing an olfactory receptor cell to two successive odor stimuli and varying the recovery interval between them ([@B20]; [@B19]; [@B23]). Fig. [4](#F4){ref-type="fig"}, *A* and *C,* shows an example of such a procedure under control conditions in Ringer solution for two different odor concentrations. When the interval between the two stimuli was ∼10 s, the response to the second pulse was of nearly the same amplitude as that evoked by the first. However, as the recovery interval was reduced, the magnitude of the second response became progressively smaller, indicating that a greater proportion of the adaptation induced by the first stimulus remained at the time of the second. The higher odor concentration (Fig. [4](#F4){ref-type="fig"} *C*) yielded a qualitatively similar effect to the lower (Fig. [4](#F4){ref-type="fig"} *A*), but with a smaller relative reduction in the amplitude of the second response.

When the same experiment was repeated but the cell exposed to choline^+^-substituted solution instead of Ringer solution during the recovery interval between the two-odor stimuli, a different picture emerged (Fig. [4](#F4){ref-type="fig"}, *B* and *D*). As was seen above, exposure to low-Na^+^ solution after stimulation prolonged the receptor current. However, when the cell was stimulated for the second time, either no response (Fig. [4](#F4){ref-type="fig"} *B*, 20 μM cineole) or only a greatly reduced response (Fig. [4](#F4){ref-type="fig"} *D*, 50 μM cineole) was generated, irrespective of the recovery interval. Similar results were obtained from a further seven cells, indicating that exposure to the choline^+^-substituted solution between the two stimuli prevented the normal recovery from adaptation.

discussion {#Discussion}
==========

When Na^+^ was replaced by another cation in the solution bathing the olfactory cilia after odor stimulation in Ringer solution, the odor response was greatly prolonged. This result indicates that external Na^+^ is required for the normal rapid termination of the odor response, and that neither Li^+^ nor choline^+^ can substitute in this process. The presence of a prolonged response in the virtual absence of monovalent cations that permeate the cyclic nucleotide-gated conductance, and its sensitivity to niflumic acid, demonstrate that the prolonged current that underlies it is carried by the Ca^2+^-activated Cl^−^ conductance. Since this prolonged current was only evoked when Ca^2+^ was included in the bathing solution during or immediately after odor stimulation, the activation of this conductance must have resulted from Ca^2+^ influx through the cyclic nucleotide-gated conductance, and the ensuing elevation of intracellular Ca^2+^ concentration. The persistent activation of the Ca^2+^-activated Cl^−^ conductance during the exposure to the low-Na^+^ solution thus indicates that the intracellular Ca^2+^ concentration must have remained elevated for an extended period under these conditions. We therefore conclude that a Na^+^-dependent Ca^2+^ extrusion mechanism is present in frog olfactory cilia and that it normally serves as the main mechanism that returns the intracellular Ca^2+^ concentration to basal levels after odor stimulation.

Na^+^--Ca^2+^ exchange has been suggested to be present in the dendrite of *Xenopus* ([@B13]) and possibly in the cilia of rat ([@B29]) olfactory receptor cells. In other systems, Na^+^--Ca^2+^ exchange exhibits a strict requirement for Na^+^, which cannot be fulfilled by other cations ([@B32]; [@B3]; [@B34]). Our results thus provide the first functional demonstration of a role for Na^+^--Ca^2+^ exchange in shaping the odor response of olfactory receptor cells. The question as to whether K^+^ is also involved in Ca^2+^ extrusion in olfactory receptor cells, as has been shown in photoreceptors ([@B5]; [@B33]), remains to be investigated. The observation that the receptor current did nonetheless decline gradually during exposure to low-Na^+^ solutions implies that other quantitatively less significant mechanisms of Ca^2+^ removal are likely also to be present in the olfactory receptor. These might include diffusion of Ca^2+^ into the cell body (but see [@B22]) or a Ca^2+^-ATPase ([@B24]).

Exposure to low-Na^+^ solution also prevented recovery from olfactory adaptation after stimulation in Ringer solution. Since this low-Na^+^ solution will have prevented the extrusion by Na^+^--Ca^2+^ exchange of the Ca^2+^ that entered during the first response, it can therefore be concluded that Na^+^--Ca^2+^ exchange also plays a major role in restoring olfactory receptor cell sensitivity after stimulation by returning intracellular Ca^2+^ concentration to basal levels. It may also contribute to the oscillatory response pattern observed in the majority of frog olfactory receptor cells during prolonged odor stimulation, which is slowed by exposure to low-Na^+^ solution ([@B31]), and which may represent a coupled oscillation of cyclic nucleotide and Ca^2+^ concentrations ([@B6]).
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![The odor-induced response can only terminate in the presence of external Na^+^. Control responses were generated by stimulating an olfactory receptor cell with (*A*) 10, (*B*) 30, or (*C*) 100 μM cineole in Ringer solution for 1 s. Traces Li^+^ and Cho^+^ were obtained by exposing the cell immediately after odor stimulation to solutions that contained LiCl or choline-Cl instead of NaCl. The two control responses were recorded before and after those in Li^+^- and choline^+^-substituted solutions.](JGP7811.f1){#F1}

![The prolonged current response generated in choline^+^-substituted solution is carried by the Ca^2+^-activated Cl^−^ conductance. Control was recorded in response to a 1-s stimulation with 100 μM cineole. Trace Cho^+^ was obtained by exposure to choline^+^-substituted solution immediately after stimulation. The addition of 300 μM niflumic acid to the post-stimulus solution reduced the prolonged current after 1 s in the choline^+^-substituted solution to 15% of its value in the absence of the blocker. Current traces are the average of either two or three trials.](JGP7811.f2){#F2}

![The prolonged current requires the influx of external Ca^2+^. An olfactory receptor cell was stimulated with 100 μM cineole in 0 Na^+^, 1 μM Ca^2+^ solution for 1 s. After stimulation, the cells were either returned to Ringer solution (*Control*) or exposed for 5 s to Na^+^-free solution containing 1 mM Ca^2+^ (*0Na* ^+^) or 1 μM Ca^2+^ (*0Na* ^+^ *, 1μM Ca^2+^*), in which choline^+^ had been substituted for Na^+^. Current traces are the average of two trials.](JGP7811.f3){#F3}

![Removal of external Na^+^ prevents recovery from adaptation. The recovery of an olfactory receptor cell from adaptation was studied by varying the recovery interval between two successive 1-s odor stimuli of 20 (*A* and *B*) or 50 (*C* and *D*) μM cineole. The recovery interval between the two stimuli was either spent in Ringer solution (*A* and *C*) or in choline^+^-substituted solution (*B* and *D*). Current traces are the average of two trials. The largest response to the second stimulus in Fig. [4](#F4){ref-type="fig"} *D* corresponds to the shortest recovery interval, possibly reflecting summation of the two stimuli.](JGP7811.f4){#F4}
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